In this study, lithium thio-germanate thin film electrolytes have been successfully prepared by radio frequency (RF) magnetron sputtering deposition in Ar gas atmospheres. The targets for RF sputtering were prepared by milling and pressing appropriate amounts of the melt-quenched starting materials in the nLi2S + GeS2 (n = 1, 2, and 3) binary system. Approximately 1 μm thin films were grown on Ni coated Si (Ni/Si) substrates and pressed CsI pellets using 50 W power and 25 mtorr (3.3 Pa) Ar gas pressures to prepare samples for Raman and Infrared (IR) spectroscopy, respectively. To improve the adhesion between the silicon substrate and the thin film electrolyte, a sputtered Ni layer (120 nm) was used. The surface morphologies and thickness of the thin films were determined by field emission scanning electron microscopy (FE-SEM). The structural properties of the starting materials, target materials, and the grown thin films were examined by X-ray diffraction (XRD), Raman, and IR spectroscopy.
INTRODUCTION
One of the important challenges of the future is to develop renewable energy systems for energy conversion, storage, and distribution for use in portable electronics, communications, and transportation. The enormous increase in the demand for energy sources over the past decades has generated a large need for high energy density portable energy sources. As power requirements become more demanding, batteries are also expected to provide higher energy densities. Lithium-based batteries have begun to fill this need because of their use of lithium as the active anode material. Lithium has low density and has a high electrochemical equivalency so that rechargeable lithium batteries are attractive for numerous reasons: high voltages, high energy densities, wide operating temperature ranges, good power density, flat discharge characteristics, and excellent shelf life.
Lithium batteries based upon lithium metal anodes in contact with liquid electrolytes, however, have failed in some cases because of serious safety issues. 1 Lithium metal tends to form dendrites during charging and discharging because of a reaction between lithium metal and liquid/polymer electrolytes. 2 In addition, as the increasing tendency of many advanced technologies is toward miniaturization, the future development of batteries is aiming at smaller dimensions with higher power densities. The development of technologies and miniaturization in the microelectronics industry has reduced the power and current requirements of electronic devices. Therefore, thin film batteries are of interest in small power electronics such as smart cards and other CMOS-based integrated circuit applications. 3, 4 Solid state batteries are also attractive in applications such as electric and hybrid vehicles. 5, 6 In addition, thin film batteries have lower temperature dependencies and are able to resolve many of the safety issues of lithium batteries using liquid electrolytes. 7 It is being widely recognized that all-solid-state energy devices can be promising for improving the safety and reliability of lithium batteries.
Although thin film batteries have a number of advantages over other battery systems, to succeed in being applied commercially, solid electrolytes with improved ionic conductivities are required. Thin film batteries have been studied for many years and thin film solid state batteries using LiPON (lithium phosphorus oxy-nitride) solid electrolytes have become commercial products. 8, 9 LiPON thin films have been shown to have good stability in contact with lithium and have high cyclability. 10 However, this easily prepared material has a relatively low Li þ ion conductivity of ∼10 -6 (S/cm) at 25°C as compared to other solid electrolytes such as sulfides whose Li þ ion conductivities are in the range of 10 -3 (S/cm) at 25°C. [11] [12] [13] Lithium containing thio-materials show higher ionic conductivities than corresponding oxide materials and as a result much research is being performed to investigate the use of thiomaterials as solid electrolytes. 14 However, sulfide materials are very hygroscopic and must be protected from reaction with air so that most studies of these materials have to be conducted in gloveboxes. Sulfide materials such as SiS 2 , 15,16 GeS 2 , 17 P 2 S 5 , 18 and B 2 S 3 19,20 have been investigated. While much research has been done on ion-conducting bulk sulfide glasses prepared by melt quenching, only a few studies of thin film ion conducting sulfides have been reported 21, 22 because of the difficulty in preparing them. Several thin film techniques such as PLD, 23 RF sputtering, 24 e-beam evaporation 25 and PVD 26 have been used to produce thin films. Among these techniques, sputtering techniques have been shown to produce high quality thin films.
In a previous study, 27 sulfide thin films where shown to be oxidized during sputtering which may have occurred because of Inorganic Chemistry ARTICLE air leakage into the RF chamber. In addition, sulfide thin films can be oxidized in the oxygen contaminated glovebox used to handle the thin films. Another study reported that Li deficiency occurred in the thin films after sputtering compared to that of the target material. 22 Because sulfide thin films are sensitive to moisture and air, it is difficult to characterize their structures, surface morphologies, and electrochemical properties.
In this research, among many possible sulfide materials, GeS 2 is used as the base material because it is less hygroscopic than other sulfides and thus GeS 2 enables a more electrochemically and environmentally stable system to be prepared. While Kim et al. 28 and Itoh et al. 29 reported on the Li 2 S þ GeS 2 bulk glass system, detailed characterizations of thin films in this system have not been reported to date.
In this study, the starting materials, GeS 2 and Li 2 S, and the target materials, Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 5 , were characterized by X-ray diffraction to verify the phase purity of the targets used to produce the films. Further structural characterization of the starting materials, target materials, and their thin films sputtered by RF sputtering in Ar atmosphere was conducted by Raman and IR spectroscopy to verify purity, contamination, and how consistent the structures between targets and their thin films. Finally, the surface morphology and the thickness of the thin films were characterized by field emission scanning electron microscopy (FE-SEM).
EXPERIMENTAL METHODS
2.1. GeS 2 Preparation a Starting Material. Glassy GeS 2 was prepared by reacting stoichiometric amounts of germanium metal powder (Alfa, 99.999%) and sulfur (Alfa, 99.999%) in an evacuated silica tube at 900°C. First, a bare silica tube was cleaned with a 2% aqueous ammonium bifluoride, NH 4 HF 2 , solution and then rinsed with deionized water. The tube was then fitted with a valve assembly and evacuated to 30 mtorr (∼4 Pa) through a liquid nitrogen trap using a roughing pump. Surface moisture on the inside of the tube was then removed by passing the tube over a natural gas/oxygen flame under vacuum. Once this moisture was removed, the tube was transferred to a high quality glovebox (<5 ppm H 2 O and <5 ppm O 2 ) where a mixture of appropriate amounts of Ge and S were placed into the tube. The tube was then reconnected to the valve closed assembly and removed from the glovebox and evacuated with the roughing pump again to a pressure of ∼15 mtorr (∼2 Pa). Following evacuation, the tube was sealed using a high-temperature natural gas/oxygen torch.
The sealed tube was then placed into a furnace held at an angle of 5°w here it was heated at a rate of 1°C/min from room temperature to 900°C. The tube was rotated at about 7 rpm to promote mixing and reaction of the components. After the tube was held at 900°C for 16 h, it was air quenched to room temperature. The air quenched GeS 2 material inside the silica tube was put into the glovebox, and the silica tube was broken to remove the GeS 2 glass product. The final product from this process was a homogeneous transparent and yellow glass. The GeS 2 bulk glass was ground by a vibratory Spex mill for 15 min to make fine powder.
Preparation of Target Materials.
To make the Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 5 (n = 1, 2, and 3) target materials, stoichiometric amounts of Li 2 S (Alfa, 99.9%) and GeS 2 (as prepared above) powders were used. Inside the glovebox, these powders were vibratory Spex milled for 15 min in a steel container with one steel grinding ball to ensure good mixing and to start the reaction process. Batches of 3 to 4 g were melted in a covered vitreous carbon crucible at 950°C for 15 min inside a mullite tube lined muffle furnace, attached hermetically to the side of a glovebox. The melted charge was poured out of the crucible onto a brass plate and allowed to cool to room temperature. Once enough material, ∼15 g, was prepared the material was vibratory Spex milled for 15 min. Fifteen grams of the powder was weighed out and transferred poured into a hardened 2 00 diameter steel die set. The die set was agitated to make the powder as level and as smooth as possible. The top press was placed into the die set and allowed to settle on top of the powder. This assembly was sealed inside a plastic bag to prevent contamination (oxidation) during the consolidation process and taken outside the glovebox to be uniaxially pressed. The die set assembly was placed with a sheet of 1/4 00 rubber between the press and the die set and loaded and held at 30,000 lb (∼9,000 psi or ∼62 MPa) overnight.
The target was then adhered to a 2 00 diameter and 0.125 00 thick copper backing plate using silver paste so that it could be water-cooled during the RF deposition process to prevent overheating as shown in Figure 1 . Figure 1 shows a picture of 2 00 diameter target which was attached onto a copper plate using silver paste.
Preparation of Ni Coated Si Substrates for Raman
Characterization. Single crystal silicon substrates, 1 cm Â1 cm Â 360 μm, along the [111] plane were put into a "piranha" solution (H 2 SO 4 /H 2 O 2 = 3:1) for 1 h, ultrasonically cleaned with acetone for 20 min, and then rinsed with D.I. water for 20 min. The samples were dried with high purity N 2 gas. The samples were put in a drying oven at 120°C overnight to dry.
The cleaned silicon substrates were loaded into a d.c. sputtering chamber in the glovebox. A Ni adhesion layer of ∼120 nm thickness was grown for 40 min at ∼3 nm/min on the surface of the silicon substrates. The Ni adhesion layer (∼120 nm) is used to improve the adhesion between the Si wafer and the thin-film. The Ni adhesion layer is also very useful for Raman spectroscopy. In particular, when one characterizes the films using micro-Raman spectroscopy, the dominant silicon peak, ∼520 cm -1 , appears in Raman spectra unless a barrier layer is used.
Preparation of CsI Pellet Substrates for IR Characterization.
Approximately 300 mg of CsI powder was weighed and the powder was transferred into a 13 mm diameter stainless steel die-set and pressed at ∼6,000 psi (∼41 MPa). The pressed CsI sample was 13 mm in diameter and ∼0.6 mm thick. The CsI pellets were put into a sample jar, and the sample jar was sealed to prevent reaction with moisture and air. The sealed sample jar was moved to the glovebox which was connected to the RF sputtering chamber. The CsI pellet was loaded from the glovebox into the RF magnetron sputtering chamber on which the thin film electrolytes were grown. The CsI pellet provided an IR transparent support through which the IR spectra of the films could be collected.
Deposition of the Thin Films.
To produce the desired thin films, the target assembly was attached to the sputtering gun inside the glovebox attached to the RF sputtering system. The sputtering gun was then removed from the glovebox and quickly attached to the deposition chamber to minimize oxidation of the target. After which the deposition chamber was evacuated to ∼7 Â 10 -8 Torr (∼9.3 Â 10 -5 Pa). During Inorganic Chemistry ARTICLE the initial pump down, the deposition chamber was heated for 2 days using tape heaters to drive off any residual water on the walls of the system. Substrates were then introduced into the deposition chamber from the glovebox via a sliding load-lock track system.
The chamber was filled high purity Ar gas (99.9999%) to ∼100 mtorr (∼13 Pa), and the plasma was lit by turning on the RF power to the target. Pre-sputtering was performed for 30 min on the target with the substrate shielded to clean the surface of the target of any impurities (oxygen and water) from the brief exposure to the atmosphere.
After pre-sputtering, the shield was withdrawn, and deposition continued to produce thin films. All films were produced with a power of 50 W and a 25 mtorr (∼3.3 Pa) dynamic pressure of the Argon sputtering gas for ∼4 h.
2.6. X-ray Diffraction. To verify the structural phase of the GeS 2 glass powder, Li 2 S crystalline powder and the target materials, powder X-ray diffraction (XRD) data were collected on finely ground samples at room temperature using a Scintag XDS 2000 diffractometer using CuK a radiation (λ = 1.5406 Å). It was operated at 40 kV and 30 mA in the 2θ range of 30°-80°in continuous scan mode with step size 0.03°and scan rate 2.0 deg/min. Because GeS 2 , Li 2 S crystalline powder, and target materials are unstable in air, these powder materials were covered by an amorphous prolene thin film to prevent air contamination during measurements.
2.7. Raman Spectroscopy. The Raman spectra were collected at room temperature with a Renishaw inVia spectrometer using the 488 nm line of an Ar þ laser at 50 mW power. The instrument was calibrated using an internal silicon reference, and the bands were accurate to within (1 cm -1 . The samples were placed into a small cup-like plastic sample holder and then covered with clear amorphous tape to prevent air contamination. It was found by using the confocal feature of the Raman microscope that good quality spectra could be obtained by focusing through the tape and directly on the powdered samples of Li 2 S, GeS 2 , targets, and the thin films. Examination of multiple spots showed that the samples were homogeneous.
2.8. Infrared Spectroscopy. The mid-and far-infrared absorption spectra were recorded in the range of 4000 to 400 cm -1 and 750 to 150 cm -1 , respectively, using a Bruker IFS 66 V/s spectrometer. The IR spectra of the starting materials, GeS 2 and Li 2 S, and target materials were taken using pressed CsI pellets. Approximately 2 mg of each sample was ground with ∼100 mg of CsI into a fine powder and pressed into pellets for IR transmission measurements. The IR spectra typically were obtained using 32 scans at 4 cm -1 resolution. For the Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 5 thin films, the IR spectra were collected on thin films grown as described above on CsI pellet substrates.
RESULTS AND DISCUSSION
3.1. X-ray Diffraction of the Starting Materials and Targets. To verify the phase purity, the XRD pattern of GeS 2 glass powder, Li 2 S crystalline powder, and the JCPDS data of Li 2 S material are shown in Figure 2 . While GeS 2 glass powder is verified to be amorphous, Li 2 S powder shows several sharp peaks that are compared to the JCPDS XRD data. 30 As shown in Figure 2 , the XRD pattern of the Li 2 S powder closely matches the JCPDS data. From the JCPDS data, it is verified that the system and space group of Li 2 S powder are face-centered cubic and Fm3m, respectively.
The Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 5 target materials were also characterized by XRD, and the data are shown in Figure 3 . The Li 2 GeS 3 target shows an amorphous pattern without dominant peaks because the melt-quenching technique combined with its 50% GeS 2 glass former composition are sufficient to make this phase amorphous on cooling during preparation. The XRD patterns of the Li 4 GeS 4 and Li 6 GeS 5 targets, on the other hand, are polycrystalline and show sharp peaks because the Li 4 GeS 4 and Li 6 GeS 5 targets contain only 33% and 25% of the GeS 2 glass former, respectively, which are not sufficient to vitrify these melts on quenching. Figure 4 shows XRD pattern of the Li 4 GeS 4 target material which was quenched on a brass plate in the glovebox and the reference data 31 of Li 4 GeS 4 . The XRD pattern of our experimental Li 4 GeS 4 target material shows slightly broader peaks than those of the reference data. 31 A possible reason is that the Li 4 GeS 4 target contains 33% GeS 2 glass former and was quenched quickly on brass a plate. This rapid quenching presumably produces a more defective crystal structure than typical slow cooled or solid Inorganic Chemistry ARTICLE state reaction prepared samples. However, the XRD pattern of the Li 4 GeS 4 target material still appears to closely match the reported reference pattern. Murayama et al. 32 reported that the structure of Li 4 GeS 4 is related to that of γ-Li 3 PO 4 and is composed of hexagonal close-packed sulfide ions with germanium ions distributed over the tetrahedral sites. In this structure, the Li þ ions are located in both octahedral and tetrahedral sites. Murayama et al. 32 suggested that the distribution of Li þ ions in the LiS 4 tetrahedra, the interstitial tetrahedral sites, and the LiS 6 octahedra sites forms conduction pathways in the crystal. For this reason, the Li 4 GeS 4 material shows higher ionic conductivity than oxide materials.
From Figure 3 , it can be seen that the XRD pattern of the Li 6 GeS 5 target appears more complex and contains peaks with higher intensities than those of Li 4 GeS 4 target. The Li 6 GeS 5 composition contains a higher Li 2 S content than the Li 4 GeS 4 , 75 mol % Li 2 S versus 67 mol % Li 2 S, and for this reason this phase is expected to be an equi-molar mixture of Li 2 S and Li 4 GeS 4 because as far as can be determined from the literature so far available, Li 6 GeS 5 is not a single congruently melting phase. This would cause the XRD pattern to be a mixture of the XRD pattern of Li 2 S and Li 4 Figure 3 . The fact can also be seen from the Raman spectra in Figure 9 . The Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 5 thin films were not characterized by XRD because our standard XRD system is not sensitive enough to examine such thin films as are reported here. Figure 6 shows the surface morphology of the thin films produced in an Ar atmosphere. The thin film surface is mirror-like without any defects or cracks. This suggests that the thin film electrolytes are homogeneous and have a flat surface morphology. The smooth surface enables the thin films to decrease the contact resistance between thin film and the electrodes. To determine the sputtering rate, the thickness of the thin films were measured in the cross-section direction by FE-SEM as shown in Figure 7 . The Ni adhesion layer (∼120 nm) is used to improve the adhesion between the Si wafer and the thin film. The Ni adhesion layer is also very useful for Raman spectroscopy. In particular, when one characterizes the films using micro-Raman spectroscopy, the dominant silicon peak, ∼520 cm -1 , appears in Raman spectra unless a barrier layer is used. Therefore, the Ni adhesion layer also acted to prevent the appearance of the peak from the silicon substrate. Furthermore, it has been found that Ni is chemically Inorganic Chemistry ARTICLE stable in contact with the lithium thio-germanate thin film electrolytes. 33 The sputtering power and pressure of 50 W and 25 mtorr (∼3.3 Pa) were used, respectively, and the total thickness of the thin film after 2 h of sputtering is ∼1.3 μm which gives a sputtering rate of ∼5 nm/minute.
Surface Morphology and Thickness of the Thin Film.
3.3. Raman Spectroscopy. Starting materials, GeS 2 and Li 2 S, were characterized by Raman spectroscopy to analyze their purity and to determine their chemical structure and are shown in Figure 8 . In the Raman spectrum of GeS 2 , a strong main peak appears at ∼340 cm -1 that agrees well with that of literature 34 and is assigned to the symmetric stretching of bridging sulfur, S (BS), (Ge-S-Ge) in the GeS 4/2 tetrahedra. The Raman spectrum of Li 2 S shows a single strong peak at ∼375 cm -1 which is assigned to Li þ Sstretching modes. The Raman spectrum of the Li 2 S is sharper than that of GeS 2 glass because Li 2 S is crystalline while the GeS 2 is glassy.
The Raman spectra of the Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 5 targets are shown in Figure 9 . In the spectrum of the Li 2 GeS 3 target, there are three dominant peaks at 340, 375, and 415 cm -1 . The peak at 340 cm -1 is found in GeS 2 and is assigned to BS (Ge-S-Ge) bonding. The peak at 375 cm -1 is found in the Raman spectrum of Li 2 S for this reason is assigned to Li þ Sionic bonding. The peak at 415 cm -1 is assigned to non-bridging sulfur (NBS) tGe-Sionic bonding. While there are three peaks in the Raman spectra of the Li 2 GeS 3 target, the Raman spectrum of the Li 4 GeS 4 and Li 6 GeS 5 targets show only one dominant peak at 375 cm -1 . The strong main Raman peak in both Li 4 GeS 4 and Li 6 GeS 5 target materials appears at 375 cm -1 which is at the same peak position of Li 2 S. This indicates that 375 cm -1 peak in both of the target materials was related to that of the Li 2 S component. The narrowing of the Raman peaks in the spectra of Li 6 GeS 5 and Li 4 GeS 4 compounds compared to that of Li 2 GeS 3 arises from the polycrystalline structure of the former and the glassy structure of the latter.
The Raman spectra of the Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 5 thin films are shown in Figure 10 . The Raman spectrum of the Li 2 GeS 3 thin film shows three dominant peaks at 340, 375, and 415 cm -1 . The peak at 340 cm -1 is coincident with GeS 2 main peak position and is assigned to the BS (Ge-S-Ge) mode. The 375 cm -1 peak is assigned to Li þ Smodes and the 415 cm -1 peak is assigned to NBS (Ge-S -) modes. Among the three peaks, the peak at 340 cm -1 has the highest intensity. This is due to the high fractions (50%) of GeS 2 glass former in Li 2 GeS 3 . The Raman spectrum of the Li 4 GeS 4 thin film also shows three peaks Inorganic Chemistry ARTICLE at 340, 375, and 415 cm -1 , like the spectrum of the Li 2 GeS 3 thin film, and another broader peak of lower intensity at 460 cm -1 . The intensities of the peaks at 375 and 415 cm -1 are higher than those in the spectrum of the Li 2 GeS 3 thin film. This is consistent with the increased Li 2 S content in the Li 4 GeS 4 compared to Li 2 GeS 3 which would increase the concentration of both Li þ Sand Ge-S -NBS modes. The Raman spectrum of the Li 6 GeS 5 thin film which has an even higher Li 2 S content compared to the other thin films only has one dominant peak at 375 cm -1 which is assigned to the Li þ Svibrational mode. This indicates that the Li 6 GeS 5 thin film contains the highest Li 2 S content compared to the other two thin films. There are three low intensity peaks at 340, 415, and 460 cm -1 in the spectrum of Li 6 GeS 5 . As described above, the peak at 340 cm -1 is assigned to the bridging sulfur (Ge-S-Ge bonding), and the peaks at 415 and 460 cm -1 are assigned to modes of the NBS (Ge-S -). The peak at 460 cm -1 is assigned to 1 NBS and the peak is not present significantly in thin films. The peak at 415 cm -1 is assigned to 2 NBS, and the peak is present in thin films. On the other hand, the peak at 340 cm -1 is assigned to 0 NBS, and the peak is present in thin films. The Raman spectra of all of the thin films do not show sharp peaks, but rather show broad peaks compared to those of crystalline targets (Li 4 GeS 4 and Li 6 GeS 5 ) and are consistent with the films being amorphous. As the Li 2 S content increases in the targets (Li 2 , Li 4 , and Li 6 ), the Li 2 S content in the thin film increases. It can be concluded that although the previous reported literature showed Li 2 S deficiency in GeS 2 -based thin films after sputtering compared to that of target, 22 the amount of Li 2 S in the thin films in this study increases with the increase of Li 2 S in the target and are consistent with the Li 2 S content in the targets.
3.4. Infrared Spectroscopy. To further characterize the starting materials, GeS 2 glass powder and Li 2 S crystalline powder, targets, and their thin films were characterized by infrared spectroscopy. Attention is focused on the far-IR region (900 to 100 cm -1 ) to evaluate the nature of the chemical bonding in the materials, as well as the mid-IR region (4000 to 400 cm -1 ) to determine how these materials might be contaminated by oxygen and/or moisture before and/or after processing. However, because of the lack of any significant O or OH contamination in the films and the very thin dimension, they were not observed in the mid-IR spectra and for this reason are not shown here. However, in the far-IR region, strong absorptions were observed and arise from the framework structure species Li, Ge, and S.
The IR spectra of the starting materials, polycrystalline Li 2 S and glassy GeS 2 , are shown in Figure 11 . The IR peak in the far-IR spectrum of Li 2 S at ∼345 cm -1 is assigned to the ionic bonding of Li þ S -, and the strong peak at ∼370 cm -1 in the spectrum of glassy GeS 2 is assigned to the BS, ν(Ge-S-Ge, BS) mode of the GeS 4/2 tetrahedra. 35 It is possible that the broad peak in the IR spectrum of GeS 2 can be deconvoluted into two additional peaks, one centered at ∼325 cm -1 and the other centered at ∼435 cm -1 . These two additional peaks also arise from vibrational modes of the GeS 4/2 tetrahedra. 36 The shift wavenumbers can be due to the presence of compressive stress in the film which is expected for films deposited by RF sputtering. In the IR spectra of the GeS 2 , there is one peak with broad and low intensity at ∼800 cm -1 . 35 This peak is assigned to the preparation and handling of the Ge-O bonding mode. It can be assumed that GeS 2 might be slightly contaminated by oxygen during IR sample. In the IR spectra of both the starting materials, there is no peak at ∼1500 cm -1 (O-H vibration mode) or at ∼3500 cm -1 (O-H stretching mode), so this suggests that these two starting materials are not significantly contaminated by oxygen or moisture.
The IR spectra of Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 4 targets are shown in Figure 12 , and all show dominant peaks at ∼360 cm -1 and 415 cm -1 and a low intensity peak at ∼750 cm -1 . The IR peak at ∼360 cm -1 is assigned to the BS, ν(Ge-S-Ge, BS) mode and the 415 cm -1 peak corresponds to the vibration stretch of Ge with two non-bridging sulfur atoms. The broad IR peak at ∼360 cm -1 can be deconvoluted into two peaks one centered at 345 cm -1 corresponding to Li þ Smode and the other centered at ∼360 cm -1 corresponding to Ge-S-Ge mode. In addition, one low intensity peak which is assigned to oxide impurities, ν(Ge-O-Ge) appears at ∼750 cm -1 . It is possible that contamination occurs when the target materials are melted in the glovebox because a background level of several Inorganic Chemistry ARTICLE ppm O 2 exists in the glovebox. Another possibility is that the oxygen comes from the GeS 2 ; its spectrum in Figure 10 shows that there is a low intensity peak at ∼750 cm -1 assigned to GeO 2 .
To the best of our knowledge, the IR spectra of the thiogermanate based thin film materials have not been reported in the open literature. In this research, to characterize the thin films by IR spectroscopy, the Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 5 thin films were deposited directly on the top side of the pressed CsI pellets that provided a mid-and far-IR transparent support for the films.
The Li 2 GeS 3 , Li 4 GeS 4 , and Li 6 GeS 5 thin films were deposited directly on the pressed CsI pellets, and the IR spectra were then collected in transmission and are shown in Figure 13 . The intense peak at ∼360 cm -1 can be deconvoluted into two peaks one centered at 345 cm -1 corresponding to the Li þ Smode and the other centered at ∼360 cm -1 corresponding to the Ge-S-Ge mode as described above, and the intensity of this peak decreases with added Li 2 S. In addition, as shown in Figure 12 , one low intensity peak which is assigned to oxide impurities, ν(Ge-O-Ge) appears at ∼750 cm -1 . A new band appears at 445 cm -1 as a result of the formation of non-bridging sulfurs -Ge-S -Li þ (NBS). This NBS band was reported at ∼450 cm -1 in the IR spectra of binary xNaS þ (1x)GeS 2 glasses. 37 The NBS band at 445 cm -1 diminishes as another NBS band at 415 cm -1 grows stronger with further additions of Li 2 S, and this suggests that the number of NBS per Ge increases with the addition of Li 2 S. Indeed, it is expected from the compositions that these would be 2 NBS in Li 2 GeS 3 and 4 NBS in Li 4 GeS 4 and Li 6 GeS 5 .
CONCLUSIONS
For the first time, lithium thio-germanate thin film electrolytes for the solid-state lithium-ion batteries grown by RF sputtering were characterized thoroughly by XRD, FE-SEM, Raman, and IR spectroscopy. From the XRD pattern, the Li 2 GeS 3 (n = 1) target was amorphous and the Li 4 GeS 4 (n = 2) and Li 6 GeS 5 (n = 3) targets were crystalline as expected from compositions. The Li 6 GeS 5 target appears to be consistent with a equi-molar mixture of Li 2 S and Li 4 GeS 4 . FE-SEM of the thin films deposited on Ni coated Si substrates shows a mirror-like surface without cracks or pits. The Ni adhesion layer acted to improve the contact of the thin films on Ni/Si substrate and acted to prevent Li-Si reaction during sputtering. The Raman spectra of all of the thin films do not show sharp peaks, rather they show much broader peaks compared to those of crystalline targets (Li 4 GeS 4 and Li 6 GeS 5 ) and are consistent with the thin films being amorphous. This shows that RF sputtering can be used to extend the formation range of amorphous materials from ∼50 mol % Li 2 S to ∼75%. The Raman and IR spectra also showed the structural and compositional consistency between targets and the thin films and that the Li 2 S content of thin films increased as expected with Li 2 S addition in the targets. These results suggest that the thin films did not show significant Li deficiency as seen in previous reports after sputtering. The IR spectra of the thin films show a low intensity peak related to Ge-O-Ge at ∼750 cm -1 and suggests that oxygen contamination of the films occurred during sample preparation and handling. By successfully making thin films of a high quality these lithium thio-germanate thin film electrolytes can be used for solid state thin film Li-ion batteries.
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